Our aim in this prospective study was to compare the bone mineral density (BMD) around cementless acetabular and femoral components which were identical in geometry and had the same alumina modular femoral head, but differed in regard to the material of the acetabular liners (alumina ceramic or polyethylene) in 50 patients (100 hips) who had undergone bilateral simultaneous primary total hip replacement. Dual energy X-ray absorptiometry scans of the pelvis and proximal femur were obtained at one week, at one year, and annually thereafter during the five-year period of the study.
Our aim in this prospective study was to compare the bone mineral density (BMD) around cementless acetabular and femoral components which were identical in geometry and had the same alumina modular femoral head, but differed in regard to the material of the acetabular liners (alumina ceramic or polyethylene) in 50 patients (100 hips) who had undergone bilateral simultaneous primary total hip replacement. Dual energy X-ray absorptiometry scans of the pelvis and proximal femur were obtained at one week, at one year, and annually thereafter during the five-year period of the study.
At the final follow-up, the mean BMD had increased significantly in each group in acetabular zone I of DeLee and Charnley (20% (15% to 26%), p = 0.003), but had decreased in acetabular zone II (24% (18% to 36%) in the alumina group and 25% (17% to 31%) in the polyethylene group, p = 0.001). There was an increase in the mean BMD in zone III of 2% (0.8% to 3.2%) in the alumina group and 1% (0.6% to 2.2%) in the polyethylene group (p = 0.315). There was a decrease in the mean BMD in the calcar region (femoral zone 7) of 15% (8% to 24%) in the alumina group and 14% (6% to 23%) in the polyethylene group (p < 0.001). The mean bone loss in femoral zone 1 of Gruen et al was 2% (1.1% to 3.1%) in the alumina group and 3% (1.3% to 4.3%) in the polyethylene group (p = 0.03), and in femoral zone 6, the mean bone loss was 15% (9% to 27%) in the alumina group and 14% (11% to 29%) in the polyethylene group compared with baseline values. There was an increase in the mean BMD on the final scans in femoral zones 2 (p = 0.04), 3 (p = 0.04), 4 (p = 0.12) and 5 (p = 0.049) in both groups.
There was thus no significant difference in the bone remodelling of the acetabulum and femur five years after total hip replacement in those two groups where the only difference was in the acetabular liner.
Stress shielding is an important cause of periprosthetic bone loss after total hip replacement (THR). [1] [2] [3] While there are numerous reports of stress-shielding-related peri-prosthetic bone loss involving the proximal femur after THR, 1,2,4-11 little attention has been paid to secondary stress shielding in the peri-acetabular region. Computer simulations and a few clinical studies have found decreases in the bone mineral density (BMD) around cementless acetabular components and the proximal femur after THR using a cobalt-chrome femoral head and an ultra-high-molecularweight polyethylene (UHMWPE) acetabular liner. [12] [13] [14] An advantage of hard-bearing articulations such as alumina-on-alumina is a reduction in the production of wear debris and subsequent osteolysis. A theoretical disadvantage of these hard bearings is an increase in the periprosthetic bone resorption related to stress shielding because of the stiff material properties of the bearing surfaces.
We therefore performed a prospective, randomised study to compare the change in the peri-prosthetic BMD around cementless acetabular and femoral components which were identical in geometry and used an alumina femoral head, but differed in the material of the acetabular liners which was either alumina ceramic or UHMWPE.
Patients and Methods
The senior author (Y-HK) performed consecutive primary bilateral sequential THRs in 50 patients (100 hips) during the same anaesthetic session.
There were 38 men and 12 women with a mean age at the time of surgery of 51 years (35 to 66). The diagnosis included osteonecrosis of the femoral head in 31 patients (62 hips), osteoarthritis in 18 (36 hips) and multiple epiphyseal dysplasia in one (2 hips). The mean follow-up was for 4.8 years (4 to 6).
Patients received an Immediate Post-operative Stability cementless femoral component (IPS, DePuy, Leeds, United Kingdom) with a 28 mm alumina ceramic femoral head. The IPS femoral component is an anatomical metaphyseal fitting titanium stem with a polished and tapered distal stem, designed to provide fixation in the metaphysis only, thereby avoiding metal-to-bone contact below this point. The proximal 30% of the stem was porous-coated with sintered titanium beads, with a mean pore size of 250 µm to which a hydroxyapatite coating was applied to a thickness of 30 µm.
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A cementless Duraloc Optional acetabular component (DePuy) with an alumina ceramic liner of inner diameter 28 mm (alumina group) was used in one hip and a cementless Duraloc 100-series acetabular component (DePuy) with a UHMWPE liner of inner diameter 28 mm (polyethylene group) was used in the opposite hip. The Duraloc Optional and 100 acetabular shells were identical, with the titanium shell thicknesses increasing from 3.8 mm to 11.3 mm with increasing diameter of the acetabular component. Loosening of the femoral component was diagnosed if there was a varus shift or progressive axial subsidence. Loosening of the acetabular component was diagnosed if there was a change in position or a continuous radiolucent line wider than 2 mm on both the anterior and lateral views.
Randomisation of the use of an alumina or polyethylene liner was determined from a sequential pool based on a table of random numbers. No patient was lost to follow-up, and all were included in the study which was approved by the institutional review board at our institution. All patients gave informed consent.
Dual energy X-ray absorptiometry (DEXA) scan acquisition and analysis. All patients underwent DEXA scanning of the pelvis and proximal femur using the same Hologic QDR 4500A fan-beam densitometer (Hologic Inc., Waltham, Massachusetts) and the metal-removal hip-scanning mode. They were placed in the supine position with the affected leg in slight internal rotation. The foot was attached to a positioning device to obtain reproducible rotation. [16] [17] [18] The analysis software was modified in 15 hips (15%) to increase the threshold for exclusion of metal since the preset threshold was insufficient to distinguish between the thick bone of the pelvis and the femur and the metal of the acetabular component and stem.
Pelvic scan acquisition commenced 2 cm below the lower border of the inferior pubic ramus, using a field width of 15 cm. The scans were orientated so that the acetabular component lay in the centre of the field. Acquisition was continued proximally to 2 cm above the lower limit of the ipsilateral sacroiliac joint. Femoral scan acquisition was started approximately 2.5 cm distal to the tip of the femoral prosthesis, with the longitudinal axis of the shaft of the prosthesis vertical and occupying the centre of the scan field. The scan was continued proximally to 2 cm above the tip of the greater trochanter (Fig. 1 ). The first DEXA scan was made one week after surgery and served as a baseline for the subsequent scans as recommended by Kröger et al. 1 Further scans were obtained at one year and yearly thereafter during the five-year period of the study. The pelvic and femoral scans were analysed independently by a single observer (S-ML) who was not involved in the clinical care of the patients. The acetabular scans were examined by creating regions of interest according to the zones of DeLee and Charnley 19 and the femoral scans were studied using the zones of Gruen, McNeice and Amstutz. 20 The acetabular regions of interest were created by bisecting the centre of the component with a horizontal and vertical line. The superior and inferior borders of the regions were then defined by horizontal lines placed 30 pixel lines superiorly and inferiorly to the upper and lower limits of the component, respectively. The medial and lateral boundaries were defined by vertical lines placed 15 pixels outside their respective limits. The femoral regions of interest were defined by dividing the proximal femur into seven Gruen THE JOURNAL OF BONE AND JOINT SURGERY zones 20 according to the guidelines in the Hologic user manual (Fig. 1) . 21 At the five-year end-point, we analysed the effects of age, gender, body mass index (BMI) and underlying diagnosis on the changes in BMD around the acetabular and the femoral components. The patients were divided into two age groups: those under 50 years of age and those over 50 years. The BMI was classified as normal (< 25 kg/m HSD (honestly significant differences) range test. 23 No further adjustment for multiplicity was performed, the main results being supported by very small p-values. A p-value ≤ 0.05 was considered to indicate statistical significance.
Results
The mean pre-operative Harris hip score was 46 points (7 to 55) and increased to a mean of 93 points (85 to 100) at the final follow-up. All the acetabular and femoral components were stable with bone ingrowth on the latest radiographs.
The results of DEXA scanning were plotted as the percentage change in BMD over time relative to the immediate post-operative value for each patient. The mean values of the percentage change in BMD for all the areas were also plotted for both groups of patients at 1, 2, 3, 4 and 5 years, in order to observe the trend in gain or loss of the BMD for both groups (Fig. 2) .
In comparison to the baseline values, there was a mean loss of 1% (0.7% to 1.6%) in the alumina group and 2% (1.4% to 2.8%) in the polyethylene group at acetabular zone I one year after surgery (p = 0.493). At five years, there was a mean gain of 20% (15% to 26%) in each group compared with the baseline values (p = 0.003), but the difference in BMD between the groups was not significant (p = 0.851) (Fig. 2) .
Compared with baseline values, there was a progressive decrease in the BMD in acetabular zone II in both groups. The difference was not significant during the first two years, (p = 0.187) but achieved significance in both groups between three and five years (p < 0.001). At the final follow-up the mean decrease in BMD was 24% (18% to 36%) in the alumina group and 25% (17% to 31%) in the polyethylene group (p = 0.001) but there was no significant difference (p = 0.165) in the mean BMD between the two groups (Fig. 2) .
When compared with baseline values, the mean BMD in acetabular zone III progressively underwent a decrease in both groups for the first three years (24% (17% to 32%) in the alumina group and 17% (8% to 28%)) in the polyethylene group), but this loss was restored to baseline levels after four years in both groups. The final BMD showed a mean increase of 2% (0.8% to 3.2%) in the alumina group and of 1% (0.6% to 2.2%) in the polyethylene group, which was not significantly different from the baseline value of each group (p = 0.315). There was no significant (Fig. 2) . In femoral zone 1 five years after surgery there was a mean bone loss of 2% (1.1% to 3.1%) in the alumina group and of 3% (1.3% to 4.3%) in the polyethylene group when compared with the baseline values (p = 0.03). In femoral zone 7 (the calcar region) there was a mean bone loss of 15% (8% to 24%) in the alumina group and of 14% (6% to 23%) in the polyethylene group compared with the baseline value (p < 0.001). In both groups, the mean BMD increased by 6.9% (6% to 8%) in femoral zones 2, 3, 4 and 5 (Fig. 3 ). There were no significant differences (p = 0.12) in the mean BMD between the groups. In femoral zone 6 five years after surgery, there was a mean bone loss of 15% (9% to 27%) in the alumina group and of 14% (11% to 29%) in the polyethylene group when compared with the baseline values (p < 0.001).
When testing for factors which might influence the BMD, gender was significant for acetabular zone III and femoral zones 2, 3, 4 and 5 at one week post-operatively and remained so at five years post-operatively (Table I) . Age was significantly associated with BMD in femoral zones 6 and 7 at one week post-operatively and remained so at five years (Table II) . The BMI was significantly associated with the BMD in acetabular zone I and in femoral zones 1 and 6 at the beginning and end of the study period (Table III) . The diagnosis was significantly associated with the BMD in the immediate post-operative scan in acetabular zone I and in femoral zones 2, 3, 4, 5 and 6 (Table IV) .
Discussion
Although it might be anticipated that more severe stress shielding resulting in bone resorption would occur in the presence of an alumina-on-alumina compared to an alumina-on-polyethylene bearing because of the greater stiffness of the ceramic liner, we found no difference in the changes in the BMD between the groups. We suspect that differences in the modulus of elasticity between aluminaon-alumina and alumina-on-polyethylene bearings, when the acetabular articulating materials were contained within identical titanium metal shells, were insufficient to effect quantitative changes in the BMD between the groups over the five years of the study.
However, when compared with baseline values, significant regional changes in the BMD were detected in all zones of the acetabulum in both groups. There was an increase in the BMD adjacent to the prosthetic rim and a decrease in the central pelvic zone. These findings were consistent with the computer simulations reported by Levenston et al. 12 They suggested that when the acetabulum was loaded medially, the fully-fixed acetabular component transferred most of the load peripherally near the rim, and stress shielding of the medial cancellous bone occurred. The BMD in acetabular zone III progressively decreased in both groups for three years, but increased to the baseline level at five years. We speculate that initially most of the load was transferred to the acetabular zone I and peripherally near the rim, but with maturation of circumferential bone ingrowth, the acetabular component further stabilised after three years and zone III participated in the transfer of load.
The clinical success of the IPS femoral component has been demonstrated with a survivorship of 100% at 6.6 years. 15 In our study we confirmed that this stem transmitted mechanical forces mainly to the proximal one-third of the femur in accordance with the principles of its design. 19 The mean bone loss five years after surgery at the calcar (15% in the alumina group and 14% in the polyethylene group) and the greater trochanter (2% in the alumina group and 3% in the polyethylene group) was less than that in several other longitudinal reports using designs of stem which were assumed to favour more proximal fixation. 4, 24, 25 We believe that the tapered distal stem and close fit of the proximal stem of the IPS prosthesis in the calcar and greater trochanter are contributing factors for the pattern of bone remodelling in the proximal femur.
Previous studies 4, 26, 27 reported that the BMD was decreased in femoral zones 2, 3, 4 and 5 up to eight years after surgery. However, Brodner et al 28 demonstrated an increase in the BMD in femoral zones 2, 3, 4 and 5 over a five-year period. Our results were consistent with these findings. In addition, we found that male patients had a significantly greater baseline BMD, than females in femoral zones 2, 3, 4 and 5 as well as subsequent intervals. However, the gender differences in BMD were not significant in the more proximal regions of the femur. The immediate post-operative BMD was significantly higher in femoral zones 2, 3, 4, 5 and 6 in patients with osteonecrosis when compared with those with osteoarthritis but this is likely to reflect the younger age and predominance of this diagnosis in males.
In conclusion, our measurements of BMD around acetabular and femoral components after THR for two groups of patients where the only difference was the use of an acetabular liner made of alumina ceramic or UHMWPE, identified no difference in stress-shielding-related bone remodelling of the acetabulum or femur up to five years after operation.
